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In section 2, the high-resolution dynamic dust source in the NU-WRF/GOCART 69 dust emission parameterization and the model experiment setup are described. The case 70 study of the Phoenix dust storm is presented in section 3. In section 4, we discuss the 71 challenges in dust simulation, followed by the summary in section 5. 72 73 2. Method 74
Dust emission parameterization and source function 75
The dust emission module in NU-WRF is based on the mechanisms from the 76 Goddard Chemistry Aerosol Radiation and Transport (GOCART) model (Ginoux et al., 77 2001) . Dust emission in GOCART, assuming that the soil mobilization is proportional to 78 the horizontal wind speed at near surface, is parameterized with the 10-m wind speed, the 79 threshold velocity of wind erosion, and the surface condition for each dust size group 80 from 0.1 to 10 µm in radius (Ginoux et al., 2001 (Ginoux et al., , 2004 Chin et al., 2009 ). For each size 81 group with effective radius r, dust emission flux F (µg m −2 s −1 ) is expressed as: 82 83 F(r) = C S s(r) u 2 10m (u 10m − u t (r,w)), if u 10m > u t (1) 84 85 where C is a dimensional factor (0.4 µg s 2 m −5 for the current study), S is the dust source 86 function or probability of dust uplifting with a value between 0 and 1, s(r) is the fraction 87 of size group r within the soil, u 10m is the 10m wind speed (m s −1 ), and u t is the threshold 88 velocity of wind erosion as a function of dust density, particle diameter, and surface 89 wetness to account for the bonding effect between water and particles (Ginoux et al., 90 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 that accounts for 0.1 of the total dust mass. The balanced mass is evenly distributed to the 93 remaining 4 dust size groups that are all silt. In the optical property calculations, the clay 94 group is further split into four groups (0.1-0.18, 0.18-0.3, 0.3-0.6, 0.6-1) with mass 95 fractions of 0.9, 8.1, 23.4, and 67.6%, respectively (Tegen and Fung, 1994) . (2) 105 106 where z is the altitude of a grid cell, and z max and z min are the maximum and minimum 107 elevations of topography in the surrounding 10°×10° search area. The fifth order power is 108 applied to increase the topographic contrast. Recently, Kim et al. (2013) have described a method of constructing a global 118 dynamic surface bareness (B) in 1°×1° spatial resolution using the 8-km spatial resolution 119 AVHRR Normalized Difference Vegetation Index data (NDVI). Calculated from the 120 visible (VIS) and near-infrared (NIR) radiation, NDVI reflects the state of vegetation 121 over surface (Tucker, 1979) : 122 123 NDVI = (NIR-VIS)/(NIR+VIS)
(3) 124 125 MODIS NDVI has been applied for recent dust simulation studies either as a 126 source masking (Vukovic et al., 2014) or as a surface vegetation fraction which is an 127 input parameter for surface roughness estimation (Xi and Sokolik, 2015) . In the present 128 study MODIS NDVI is used to derive surface bareness following Kim et al. (2013) . The 129 surface is considered erodible when NDVI is below the threshold NDVI value (i.e., 130 NDVI thr ). The NDVI thr has been set to 0.15 taking the fact that the typical NDVI values 131 are 0.05~0.10 over bare ground and the values gets larger than 0.2 during growing season 132 over semi-arid region such as grass or shrub land (Huete, 1999 the present study has made two major improvements. First, the degree of topographic 139 depression (H) has been calculated using the U.S. Geological Survey (USGS) global 140 topography map in 30 arc-second (~1-km) resolution (GTOPO30; USGS, 1996) within a 141 larger search area (12°×12°). Second, the surface bareness (B) is constructed using daily 142 MODIS NDVI data in 0.01° (~1-km) resolution over North America (Case et al., 2014) . 143
The high resolution topographic and source function better resolves the complex 144 geographical variability especially over the western United States (Figure 1a and 1b). The 145
MODIS NDVI for July 2011 shows a strong spatial variation ranging from 0.1 to 0.8 146 ( Figure 1c ). The erodible bare-ground (i.e., NDVI <0.15) appears over the western 147
United States (Figure 1d ). 148 149
Model description and experimental setup 150
The high-resolution dynamic dust source function has been implemented to the 151 NU-WRF modeling system developed at NASA with collaborations with other agencies 152 and institutions. NU-WRF is an observation-driven integrated modeling system that 153 represents aerosol, cloud, precipitation and land processes at satellite-resolved scales at 1 154 Matsui et al., 2013 Matsui et al., , 2014 . 161
For the case study, we have chosen a dust storm event that occurred in Phoenix, 162
Arizona on 02-03 UTC July 6, 2011. The U.S. National Weather Service has reported 163 that the Phoenix dust storm of July 5, 2011 is one of the most extreme storms in the last 164 pressure of 50 hPa. The model integration time step is set to 3 seconds. The model was 173 simulated for 48 hours, from 00 UTC 5 July, 2011 to 00 UTC 7 July, 2011. Table 1  174 summarizes the NU-WRF configuration options selected for various atmospheric 175 processes. Initial and lateral boundary conditions for meteorological variables were 176 obtained from the NCEP Global Forecasting System (GFS). The NU-WRF/GOCART 177 simulations were also conducted for anthropogenic aerosols using GOCART aerosol 178 model and its contribution to PM10 is less than a few µg m −3 during the storm. For the 179 case study, the empirical dimensional factor (C) is set to 0.4, emitted dust is equally 180 distributed to the lowest 5 model layers which extend to about 500 m above ground level 181 (AGL), and the cutoff soil moisture factor (g wet ) is set to 0.35. In the present case study, reflectivity, co-polar correlation coefficient, and base velocity from the NEXRAD Level-220 III at 0.5° elevation angle between 01:30 to 03:32 UTC. The radar reflectivity is the 221 returned signal within a sampling volume to the radar station. The co-polar correlation 222 coefficient is the correlation between the backscattered horizontal and vertical polarized 223 signals ranging zero (i.e., non-spherical shape) and one (i.e., spherical shape). The base 224 velocity is the measure of the radial component of the wind either negative (i.e., toward) 225 or positive (i.e., away) values from the radar. Although limited, the strong dust storm can 226 be identified with combined analysis of the radar and surface observations. 227
At 01:30 UTC July 6, the radar showed well-defined bow shape in the (1) the maximum of the base velocity is larger than 23 ms -1 (or 45 knots) and its origin is show the detailed geographical structure and its values (mostly below 0.05) are much 256 smaller than those in S dynamic for the same geographic areas (Figure 3f ). 257
The horizontal 10-m wind field (W10m) from NU-WRF is plotted every 2 hours 258 during the dust storm ( Figure 4) . A strong wind area begins to form at 21 UTC July 5, shown in the previous section. On the other hand, the simulation also shows that the 267 maximum strength of the storm is located further west than the radar observation (i.e., 268 Casa Grande, the temperature and wind speed are changed from 38.9 °C to 23.9 °C and 301 from 1.3 ms -1 to 15.2 ms -1 , respectively. At Phoenix, the temperature and wind speed are 302 changed from 37.8 °C to 27.2 °C and from 3.6 ms -1 to 8.9 ms -1 , respectively. NU-WRF 303 model captures the magnitude and pattern of the observation, showing that it can 304 reproduce the storm and its evolution. However the comparison also shows that the 305 simulated storm is moving faster than observation resulting 1 or 2 hour earlier storm 306 arrival at Casa Grande and Phoenix. Daily accumulated precipitation was 25.6 mm at 307
Tucson station, but no precipitation is reported at Phoenix station or negligible at Casa 308
Grande station (<1 mm). 309
The dust emission is plotted in Figure 7 , and is mainly controlled by W10m since 310 the dust emission in the NU-WRF/GOCART is proportional to the 3 rd order of W10m 311 (Eq. 1). The amount of dust emission exceeds 100 µg m -2 s -1 during peak dust storm hours 312 of 01-03 UTC. In contrast to the original soil moisture threshold value of g wet < 0.5, a 313 reduced threshold values (i.e., g wet < 0.35) was used in the current simulation to achieve a 314 better agreement with the radar observation. As a result dust emission over the 315 southwestern region of the domain (i.e., southwest of 113°W, 33°N) is substantially 316 suppressed during the dust storm period. The time-evolution of the surface dust PM10 317 (dust size is less than 10 µm) concentrations is quite similar to that of dust emission 318 After the dust storm at 05-07 UTC, the PM10 concentration gradually reduces but still 322 remains much higher than that before the dust storm. In section 4, we will discuss the 323 apparent tardy decay of dust concentrations simulated by the model. Phoenix area for 2 hours from 0300 UTC July 6 is most responsible to the high bias in the 358 NU-WRF model. A sensitivity simulation that turned off dust emissions after 0300 UTC 359 indeed removes the high dust residual after the storm and improves the correlation 360 coefficient (r=0.89) and other statistics (Figure 11) . 361 362
Discussion 363
Although the case study shows the high-resolution dynamic dust source 364 considerably improves dust modeling, it also illustrates several outstanding challenges in 365 dust emission processes in the NU-WRF/GOCART model: 366
The curly motion of the outflowing dust front in the downburst produces the 367 wall of dust, which reached higher than 1.5 km in the 2-3 hour time span. 368
However, the advection/convection scheme in NU-WRF could not resolve the 369 rapid vertical transport of the high dust wall, leaving most of the dust in the 370 lowest levels. In the present case study, we equally distributed the emitted 371 dust to the lowest 5 model layers (which are about 0-500 m above the ground) 372
to better resolve the vertical distribution of the simulated dust. It is necessary 373 to consider a better mechanism to represent the vertical distribution of emitted 374 dust in the "haboob" events. 375
(ii)
Dust emission is inhibited when g wet is larger than the threshold. While g wet 376 values are regionally dependent from 0.35 to 0.5 in global GOCART 377 modeling studies (e.g., Kim The case study also showed that simulating the correct wind field for calculating 389 dust emission is very important but challenging. Although the NU-WRF used a realistic 390 meteorology (i.e., meteorological fields from reanalysis or model) to initialize simulation 391 and force the lateral boundaries, the location and time evolution of the wind storm within 392 the regional domain are still problematic. For example, the center of the outflowing wind 393 storm in our simulation is positioned too far west compared to the radar. We conducted 394 20 sensitivity runs with different modeling setup and configuration options by varying Significantly elevated dust PM10 values after the dust storm (e.g., at 07 UTC) simulated 427 by NU-WRF were found to be due to excess dust emission near the Phoenix region 428 between 03-04 UTC, when the actual dust storm had already passed the city. 429
The NU-WRF model with the new high-resolution dynamic dust source is able to 430 capture the Phoenix dust storm, which was not possible using the old static sources. 431
However, the case study also has revealed several issues in the NU-WRF/GOCART 432 highlights that simulating accurate meteorology and wind fields is highly important for 436 dust storm prediction but it is also a challenging task. • A high-resolution dynamic dust source has been developed.
• New dust source better resolves the complex topographic distribution.
• A case study is successfully conducted with a strong dust storm in NU-WRF.
